Samples collected every two weeks from the inlet and outlet of three sewage treatment plants were screened for the presence of noro-, rota-, astro-, adeno-, hepatitis A-and circoviruses by (RT)-nested PCR, and for F-specific bacteriophages by isolation in Escherichia coli Famp. Plants A and B were secondary treatment plants and plant C used primary treatment. Noroviruses were detected in 43%, 53% and 24% of the inlet samples and 26%, 40% and 21% of the outlet samples from plants A, B and C, respectively. Astroviruses, rotaviruses and adenoviruses were more prevalent. Adenoviruses were detected in 96% of inlet and 94% of outlet samples, supporting the potential of these viruses as indicators of viral contamination from sewage. Hepatitis A virus and circoviruses were found only rarely. Reduction of infective viral particles during sewage treatment was evaluated using F-specific bacteriophages. The phages were reduced by, respectively, 99%, 87% and 0% in plants A, B and C, which corresponded to the observed differences in reduction of norovirus positive samples between the same plants. The study shows that the high viral load in sewage results in a discharge to the environment of a large amount of virus despite sewage treatment. On the other hand, the advantage of a more advanced treatment is demonstrated.
INTRODUCTION
Dissemination of enteric viruses occurs directly by personto-person contact or indirectly through food, water and the environment. The modes of spread, and the susceptibility of the population to infection, vary between types of virus.
Viral food-and waterborne outbreaks of gastroenteritis, which occur worldwide, are most often caused by noroviruses (NV) and persons of any age may get infected (Hedberg & Osterholm 1993; Hedlund et al. 2000; Miettinen et al. 2001) . Hepatitis A virus (HAV) is less common in developed countries; however, outbreaks of hepatitis due to contamination of drinking water and shellfish by HAV have been recorded in the US and Europe (Mele et al. 1989; Bloch et al. 1990; Desenclos et al. 1991; De Serres et al. 1999) . In these populations, where HAV is not endemic, adults as well as children become infected. Rota-(RV), astro-(AV) and enteric adenovirus (AdV) are rarely associated with food-or waterborne disease and mainly cause gastroenteritis in children (O'Neill et al. 2002) , but adults (i.e. mostly elderly) may also be susceptible to infections with RV and AV (Lewis et al. 1989; Timenetsky et al. 1996; Svenungsson et al. 2000) . Rotavirus can cause severe gastroenteritis in children and is the main cause of infantile morbidity worldwide (Desselberger 2000) . In some countries enteric AdV (subtypes 40 and 41) are registered as second only to rotavirus as aetiologic agents of infantile gastroenteritis (Uhnoo et al. 1990 ).
There is a correlation between severity of the disease caused by enteric viruses and laboratory diagnosis of the aetiological agent. Mild infections are more prone to pass are more likely to be diagnosed and registered. NV, AV and AdV infections most often cause mild gastroenteritis and the majority of cases, except large outbreaks of NV-induced gastroenteritis, may pass unregistered. Infections with RV can be more severe, sometimes require hospitalisation, and therefore are more likely to be diagnosed. Hepatitis A virus infections are notifiable in Norway, thus most cases with clinical illness are presumably recorded.
Enteric viruses are shed in faeces and the content of these viruses in sewage therefore reflects the infectious status of the population. Moreover, sewage is an important source for viruses which can contaminate drinking water, shellfish and recreational water (Timenetsky et al. 1996; Kukkula et al. 1997 Kukkula et al. , 1999 Hafliger et al. 2000; Lee et al. 2002) . There is limited knowledge about the occurrence and viability of these viruses in aquatic environments. Studies of the presence of enteric viruses in sewage, and the efficacy of virus removal by various sewage treatment systems, is therefore of interest.
Present water quality assessments rely on the use of bacterial indicators, which do not sufficiently reflect the occurrence of enteric viruses (Gerba et al. 1979; Keswick et al. 1984; Bosch 1998) . Monitoring specific virus pathogens in water samples would provide more reliable information for risk assessments of waterborne viral infections. Direct monitoring of several viral pathogens in water is, however, impractical. AdV have been proposed as an indicator for enteric viruses due to their high prevalence in sewage (Pina et al. 1998b) . Like AdV, human circoviruses (huCV) are small, non-enveloped DNA viruses. The two main types of huCV, TT virus (TTV) and TTV-like-mini-virus (TLMV), give persistent infections with continuous viral replication.
Moreover, these viruses are shed in faeces, and appear to be present in the majority of people worldwide (Takahashi et al. 1998; Huang et al. 2001; Moen et al. 2002) . These qualities suggest that huCV may also be suitable as indicators of viral faecal contamination.
The present study was conducted to obtain information about: the circulation of enteric viruses in the Norwegian population; seasonal differences in the occurrence of various viruses; to what extent enteric viruses are released into the environment from different types of sewage plant;
and to indicate which viruses may be suited as indicators of viral contamination from sewage. NV were genotyped to map seasonal or geographical distribution of different strains. AdV and huCV were evaluated as indicators and the reduction of infective viruses in the treatment plants was evaluated by quantification of F-specific bacteriophages (Fphages). Three treatment plants were included: two serving a densely populated area, and a less advanced plant serving a small municipality. Treated sewage from the latter was discharged in the vicinity of shellfish harvest areas. were kept at 4 to 108C until tested for F-phages, no more than 6 h after sampling. Samples from plant C were shipped overnight and analysed for F-phages the following day. All samples were frozen and kept at 2208C prior to the molecular detection of enteric viruses. Samples were tested for the presence of various viruses as detailed below.
MATERIALS AND METHODS

Sewage treatment plants
A sufficient number of samples were included for each virus in order to indicate the prevalence of the virus in question, and its suitability as an indicator of faecal contamination.
F-phages
The Escherichia coli host bacterium HS(pFamp)R and the double agar layer method were used for the detection of Fphages (Debartolomeis & Cabelli 1991) . The E. coli Sewage samples were tested undiluted, except for the raw sewage from plants A and B, which was diluted 1:10 in sterile water. Briefly, one ml aliquots were mixed with 5 ml Tryptic Soy Broth (TSB) semisolid agar (0.7%), containing 0.015% each of ampicillin and streptomycin, and 80 ml Famp in exponential growth phase. After mixing, the samples were poured onto TSB solid agar (1.5%) and incubated at 378C for 18 h. The total number of plaques made by F-phages (RNA and DNA phages) was counted.
Parallel samples were incubated with RNase to select for F-specific DNA bacteriophages (F-DNA phages), and thereby to estimate the concentration of F-specific RNA bacteriophages (F-RNA phages).
Recovery of viral particles for nucleic acid detection
A modified version of a method previously described was used (Puig et al. 1994) . Sewage samples (13 ml) were centrifuged at 135,000 £ g for 90 min at 48C using a SW40 rotor in a Beckman ultra centrifuge. The pellets were dissolved in 5 ml of glycine buffer (0.25 M glycine, 0.15 M NaCl, pH 9.5) by stirring for 16 h at 48C. The samples were diluted to 13 ml with phosphate buffered saline (PBS) and centrifuged at 4,300 £ g for 15 min to remove particulate material. The supernatants were then centrifuged at 135,000 £ g for 90 min at 48C and the pellets which allowed for the extraction of nucleic acids from the pellets originating from the first ultra centrifugation.
Extraction of RNA and DNA
RNA was extracted from 100 ml of viral concentrates after addition of 900 ml of a guanidinthiocyanate (GuSCN) lysis buffer containing silica particles (Boom et al. 1990 ). The samples were incubated for 10 min at room temperature, vortexed and centrifuged (12,000 £ g for 15 s). The silica particles were subsequently washed twice with washing buffer (GuSCN in 0.1 M Tris hydrochloride, pH 6.4), twice with 70% ethanol, and once with acetone. The particles were then dried at 568C for 10 min, and the RNA eluted in 80 ml diethyl pyrocarbonate-treated water with 160 mM were diluted to 1-2 logs above endpoint in PCR titration.
Seasonal variation
Seasonal variations in the prevalence of NV, AV and RV in raw sewage were tested by separating all samples from the 
RESULTS
Viral prevalence
The detection rates of NV, RV, AV, AdV, HAV, TTV, TLMV and F-phages in raw and treated sewage samples from the three plants are displayed in Table 3 . 
Seasonal variation
A statistically significant seasonal variation (p # 0.01) was found for NV in raw sewage. The prevalence was higher (53%) in the cold season, October -March, than in the summer (28%), April -September. The prevalence of AV and RV did not vary significantly between the summer and winter period. A quarterly distribution of NV, AV and RV is displayed in Figure 1 .
Genotyping and verification of PCR results
The ( Yet, one would expect, as has been shown in a study on enterovirus in treated sewage (Gantzer et al. 1998) , that the number of samples positive by RT-PCR is significantly higher than the number of samples positive by cell culture.
Currently the question of infectivity cannot be tested for NV owing to the lack of a cell culture system (Atmar & Estes 2001) . The method used to enrich for viruses included ultra centrifugation and elution. We did not test the method for yield, but assume that the previously published figure of 70% recovery for adenoviruses (Puig et al. 1994; Pina et al. 1998b ) is relevant in the case of noroviruses as well. This method has also been employed in the recovery of hepatitis A virus, hepatitis E virus and polyomaviruses from sewage (Pina et al. 1998a (Pina et al. , 2001 Bofill-Mas et al. 2000) with an equal sensitivity as for the detection of adenoviruses. Hepatitis A, hepatitis E, polyoma-and noroviruses are all none enveloped viruses with a particle size in the same range.
Although real time protocols were used for the final PCR detection of NV, AV, RV and HAV, we did not consider the data quantitative as the real time PCR was the second step in nested PCRs.
The results on NV and F-phages suggest that plant A was more effective than plant B in virus reduction. In plant B there was an equal distribution of F-RNA and F-DNA phages in inlet and outlet samples. The reduction in the amount of both F-phages was 87%. In plant A, however, the F-DNA phages were reduced by 99%, and the estimated reduction of F-RNA phages was 96%. The higher resistance of F-RNA phages than F-DNA phages to treatment in plant A was confirmed by the relative amount of plaques from F-RNA-phages in raw (18%) compared with treated sewage (80%).
GII was the dominating NV genogroup (found in 52 of 64 samples), and Lordsdale the dominating NV genotype, a result also reflected in a previous study on Norwegian faecal samples (Vainio et al. 2001) . More surprisingly, GI strains were detected in 36 of 64 samples, a prevalence appreciably higher than what might be expected based on NV in clinical samples (Vainio et al. 2001; Fankhauser et al. 2002; Reuter et al. 2002) . This discrepancy could indicate that GI strains more often cause sub-clinical infections. The finding of the same NV genotype (i.e. Wortley strain) in all three plants during one month suggests that NV has an ability to spread rapidly in a population. The prevalence of positive PCRs for AV, RV and AdV in raw sewage was high (38 -100%), particularly in the samples from the urban area (Oslo) (72 -100%), indicating that these viruses are continuously present in densely populated communities. Astroviruses are increasingly being recognised as gastrointestinal pathogens (Palombo & Bishop 1996; Dennehy et al. 2001) . However, the absence of reported cases of AV induced gastroenteritis in Norway presumably reflects that this agent rarely causes severe disease. In a study from The Netherlands (Lodder et al. 1999) , the concentration of NV in sewage was higher than that of RV. The discrepancy between this study and the present results may be due to methodological differences. The number of samples tested for TTV and TLMV was low, but the present prevalence (12.5% for TTV) is close to the prevalence (12.7%) found in a study on sewage from a treatment plant in India (Vaidya et al. 2002) . The low prevalence of TTV is somewhat surprising, considering the ubiquity of the infection in the population (Huang et al. 2001) . The result may reflect the fact that most people shed a low number of viruses in faeces, or that the viral particles are unstable in the sewage environment.
Hepatitis
Data from the present study, and from a previous study on enteric viruses in Norwegian shellfish (Myrmel et al. 2004 ), suggest that AdV or F-RNA phages are better choices as sewage indicators than human circoviruses. As proposed by others (Havelaar 1987a, b) , F-RNA phages may be particularly useful owing to their high prevalence The present viral prevalence was relatively high compared with some previous studies. Variations in sensitivity regarding virus recovery and detection may contribute to the difference. For example, two studies from Bangkok reported that, respectively, 8% and 0% of raw sewage samples were ELISA positive for RV (Kittigul et al. 2000 (Kittigul et al. , 2001 ; in Sao Paulo 21% of the samples were positive for RV using indirect immunofluorescence (Mehnert & Stewien 1993) . Moreover, although an RT-semi nested PCR was used in a study from Barcelona, only 4 of 15 sewage samples were positive for RV (Gajardo et al. 1995) . A similar study in France, however, reported a prevalence of RV in raw sewage of 42% (Dubois et al. 1997) , which is closer to the present results. A study on AV in France and Spain also showed a relatively low prevalence (Pinto et al. 2001) .
The period of sample collection may also contribute to the results. The present study showed a higher prevalence of NV, RV and AV during the cold season, but the difference was statistically significant only for NV. Although most types of viral gastroenteritis appear to be more common in winter, this seasonal distribution is best documented in the case of NV and RV (Koopmans & Brown 1999; Hedlund et al. 2000; Mounts et al. 2000; Vainio et al. 2001) . The dominance of viral gastroenteritis during the cooler months, which resembles that of viral infections spread by the respiratory route, is not fully explained. However, increased viral stability in the environment due to lowered temperature, as found in studies on poliovirus, HAV and astrovirus (Bosch 1995; Abad et al. 1997) , could promote waterborne gastroenteritis during winter, and thereby a higher viral load in sewage.
The present results demonstrate the benefits of employing a more advanced treatment of sewage. The frequent detection of gastroenteritis viruses in small volumes of both raw and treated sewage indicates that sewage may be a source of viral dissemination. Current treatment of drinking water in well operated water plants is presumably sufficient to inactivate most viruses, but the environmental spread of enteric viruses may still contribute to an endemic situation of viral gastroenteritis (Payment 1999; Baggi & Peduzzi 2000; Gofti-Laroche et al. 2003) . The release of infectious viruses into the environment is a concern, particularly with regard to the use of contaminated water in food production, i.e. the use of fresh water for irrigation, the use of marine water for culturing of shellfish, as well as the use of water for recreation.
CONCLUSIONS
Noro-, astro-, rota-and enteric adenovirus were frequently detected by (RT)-PCR in small volumes of raw and treated sewage from two secondary treatment plants in the Oslo area and from a primary plant in a small rural community.
Hepatitis A virus was found sporadically in the sewage from the Oslo area. Reduction of F-specific bacteriophages was used to estimate the efficiency of sewage treatment. The two secondary treatment plants, including either coagulation/activated sludge or coagulation/biofilm, reduced the concentration of F-specific bacteriophages by 99% and 87%, respectively. No reduction was found in the small primary treatment plant. The viral load in raw and treated sewage is high and may represent a source of low-level transmission of enteric viruses contributing to an endemic situation of gastroenteritis.
